As a problem in molecular recognition and for drug discovery, great interest has developed around the possibility that RNA structures could be discriminated by peptides and other small molecules. Although small peptides have been shown to have the capacity to discriminate specific bulges and loops in RNA molecules, discrimination of double helical regions by a peptide binder has not been reported. Indeed, the most accessible part of an RNA helix is the minor groove, and fundamental stereochemical considerations have suggested that discrimination of at least some base pairs would be difficult in the minor groove. Here we report the design and isolation of a peptide binder that manifests the most subtle kind of discrimination of base pair differences in the RNA minor groove. Functional discrimination of a single atomic group is demonstrated as well as the difference between two different angular orientations of the same group. This report of RNA helix discrimination by a peptide binder suggests a richer potential for RNA minor groove recognition than previously thought.
The common RNA A-form helix is characterized by major and minor grooves that are lined with distinct atomic groups emanating, respectively, from opposite sides of the paired bases. The constellation of atoms within a particular groove is determined by sequence, so that sequence-specific recognition of helices is generally determined by interactions with a binder in one of the grooves. For the common DNA B-form helix, the major groove is wide and will accommodate a polypeptide binding element such as an ␣-helix. The minor groove is narrow and therefore less accessible, so that sequence recognition of DNA helices is generally determined by major groove interactions. In contrast, for the RNA A-helix, the major groove is narrow (and deep) whereas the minor groove is wide (and shallow) and more accessible for a sequence-specific binder (1) .
The minor groove side of the RNA helix presents a special challenge for specific recognition. For example, the 2-amino group of G is a prominent hydrogen bond donor and is a prime site for interaction with an RNA binder. In particular, G-C and G-U base pairs are thought to be difficult to distinguish from their respective transversions (C-G and U-G, respectively) (2, 3) . The problem is that the 2-amino group of G lies on the dyad axis of the minor groove of the helix, so that it is in the same location in G-C vs. C-G or in G-U vs. U-G. The relatively infrequent G-U wobble pairs are of particular interest because they play an important role in RNA recognition, such as in the active center of the Tetrahymena self-splicing group I intron (4) and in specific protein-RNA complexes of the translation apparatus (5-7). In some examples, the unpaired 2-amino group of G-U has been shown to be critical (8, 9) and, at the same time, not replaceable by having a U-G pair (10) . Whether these represent special examples with complex systems, or whether the potential for this kind of subtle recognition is a more general and intrinsic feature of RNA recognition systems has not previously been known.
To investigate whether G-U can be distinguished from U-G with a small peptide binder, we used a hairpin microhelix that has a G-U pair at a specific position and selected for peptide binders within a phage display library (Fig. 1A) . [This microhelix is based on the acceptor stem of an Escherichia coli alanine tRNA and can be charged with alanine in a G-Udependent manner (11) .] The idea was to select peptidecontaining phages that bound to the G-U-containing microhelix but did not bind to the same microhelix that replaced G-U with either I-U, G-C, or U-G (Fig. 1B) . The I-U pair differs from G-U only in that it lacks the exocyclic 2-amino group, that is, all other atoms in the major and minor grooves are preserved. Thus, a peptide that distinguishes G-U from I-U functionally binds in the minor groove and requires the 2-amino group. Lack of binding to the G-C pair shows that the 2-amino group has to be unpaired and in the wobble position. Discrimination against U-G shows that the angle at which the 2-amino group protrudes into the minor groove is sensed by the peptide.
MATERIALS AND METHODS

RNA-Directed Phage Display
Library. An RNA-directed phage display library was designed and constructed. A DNA oligonucleotide coding for 10 degenerated codons placed between two RNA binding motifs was cloned into phagemid pCANTAB 5E (Pharmacia). Transformed TG1 cells (Pharmacia) were rescued by helper phage M13KO7 (Pharmacia), and each phage produced displayed a unique epitope sequence in fusion with that of the gene III protein. The original library contained 2.10 7 different phage clones, which represents about 10 Ϫ4 % of the theoretical complexity of a decapeptide library (20 20 possibilities). Affinity Selections for G-U Binders. Peptide motifs that recognize microhelix G-U were purified by affinity through 7 rounds of selection. Rounds 1-4 were positive selections in presence of the microhelix G-U alone, whereas rounds 5-7 were performed in presence of the competitor microhelices. The immunopure immobilized streptavidin agarose (400 l of the slurry solution) (Pierce) was pretreated for 1 hour in blocking buffer (100 mM NaHCO 3 , pH 8.6͞5 mg/ml BSA͞0.1 g/ml streptavidin͞0.02% NaN 3 ) and washed with 5 ml of TBS (50 mM Tris⅐HCl, pH 7.5͞150 mM NaCl). The biotinylated microhelix G-U (15,000 pmol for selections 1-4, and 125 pmol for the selections 5-7) was incubated with the phage library (10 10 phages for selections 1 and 2 and 10 6 for selections 3-7), 150 M biotin, and pretreated resin in 500 l TBS. Incubation conditions varied from 20 hours at 4°C (rounds 1-4) to 1 hr at room temperature (rounds 5-7). The columns were washed extensively with 35 ml TBS (and, in addition, 5 ml TBS containing 10 g͞ml streptavidin for selections 1-4). Specific RNA-phage complexes retained on the column were amplified by infection of E. coli TG1 cells. During the competition selections (rounds 5-7) the phage was incubated in the presence of 125 pmol of immobilized microhelix G-U and 1,250 pmol of nonbiotinylated microhelix G-C, I-U ,or U-G.
Polyacrylamide Affinity Coelectrophoresis. For polyacrylamide affinity coelectrophoresis gels: 5 l samples of radiolabeled microhelix G-U (5 nM [5Ј-32 P] RNA͞250 g/ml ribopolyadenosine͞10% glycerol͞1ϫ TBS) were electrophoresed for 80 min (100 V at 4°C) through a 6% acrylamide͞ bisacrylamide gel (29:1, 1.5 ϫ 80 ϫ 100 mm 3 ) containing increasing concentrations of peptide (6 nM to 10 M) in 0.5ϫ TB (50 mM Tris base͞50 mM boric acid). The gels were dried and analyzed on a PhosphorImager (Molecular Dynamics).
Competition Experiments that Delineate Specificity. The specificity of the interaction was determined by competition experiments where the four microhelices (G-U, G-C, I-U and U-G) were tested for their ability to inhibit the formation of the complex. In these experiments, the peptide concentration in the gel [12% acrylamide͞bisacrylamide (29:1) in 0.5ϫ TB] was uniform (0.1 M). The samples, containing 5Ј labeled microhelix G-U (1 M) and increasing concentrations of competitor microhelices (0.625-40 M) were electrophoresed for 150 min, 100 V at 4°C.
RESULTS
Scheme for Selections. The general scheme was to pass peptide-containing phages over the column and to remove those that did not bind. The peptide element is presented at the N terminus of the gene III protein, and diverse sequences of the peptide were generated by nucleotide variations within its gene coding region (10) . Phages that bound to the column were eluted and amplified and subjected to another round of selection, and so on. Subsequent elutions of bound phages involved successive passages of solutions of microhelices containing, respectively, the I-U, G-C, and U-G base pairs (11) . Phages that were liberated by these elutions were discarded and, ultimately, phages that were bound to the G-U-containing microhelices were retained.
Design of Phage-Encoded Peptide Motif and Selection of G-U-Specific Binders. In our first experiments, a hexapeptideencoding element in the gene III coding sequence was randomized (12) . After multiple rounds of selection with about 6.4 ϫ 10 6 different sequences, no binders with all of the desired characteristics (vide supra) were obtained. Reasoning that the size of the peptide may have been too small and that the library had no bias toward those that bind to RNA, we next created a 10-amino acid variable region that was flanked on either side by generic RGG motifs of 9 amino acids (Fig. 2) . The RGG motifs provide for general, nonspecific RNA binding (13, 14) . Thus, the rationale was to have a library where many of the peptides bound to RNA and to select for sequences in the central variable region that would confer specificity.
After 7 rounds of selection, using competitors with I-U, G-C, and U-G pairs, two binders were obtained from an initial library pool of about 2 ϫ 10 7 phages (of 60 clones that were sequenced, these two comprised 45% of all bound phages obtained at this final step in the selections). The sequence of each was determined from the DNA coding region. One peptide contained two cysteines and, because of concerns about aggregation due to sulfhydryl oxidation, this peptide was not investigated further. The sequence of the second peptidedesignated as MF␤2-was chemically synthesized (Fig. 2) and then tested directly for RNA binding to the microhelices.
Binding Affinity and Specificity with Chemically Synthesized MF␤2 Peptide. For this purpose, the polyacrylamide coelectrophoresis procedure was used. This procedure is a variation of the agarose coelectrophoresis method used to study protein-RNA interactions (15) (16) (17) . With this method, a slab gel is used with multiple lanes that contain successively higher concentrations of embedded protein. Labeled RNA is then electrophoresed through the gel and shifted in position according to the degree to which it is bound. The result is a titration curve from which the dissociation constant for the complex can be determined. By using polyacrylamide instead of agarose, smaller peptide complexes can also be detected by this method (17) .
The binding of the MF␤2 peptide to the G-U-containing microhelix showed a smooth titration curve consistent with 1:1 complex formation and characterized by a K d of 300 nM at pH 7.5 (Fig. 3A) . When challenged with specific competitors containing different substitutions of the G-U pair, only the wild-type G-U-containing sequence was an efficient competitor (Fig. 3B) . In particular, the ability to discriminate G-U from I-U showed that the peptide has a functional requirement 2 . Design of the peptides in the library. The peptides contain a 9-amino acid RGG motif that flanks both sides of a 10-amino acid variable segment designated X10. Although the library has a theoretical complexity of 10 13 , the practical limit that was screened consisted of about 2 ϫ 10 7 peptides. The sequence of the selected MF␤2 peptide in the X10 segment is also shown. In addition, during selections, one R was changed to H in one RGG motif.
for the 2-amino group in the minor groove, whereas the discrimination against G-C showed that a free amino group is required. Lastly, discrimination against U-G established that the peptide was sensitive to the angle at which the free amino group protrudes into the minor groove. We estimate that the discrimination against U-G is 20-to 25-fold. It is even higher against the other pairs which were no better than nonspecific single-stranded RNA oligonucleotides (data not shown).
In DNA helices, the minor groove is narrower than in RNA and, therefore, less accessible to a minor groove binder. We tested the binding of the MF␤2 peptide to a DNA microhelix containing the 2-amino group in a G-T base pair. As would be expected for a minor groove peptide binder, the DNA microhelix containing a G-T base pair was only a weak competitor of the G-U-containing RNA microhelix (Fig. 3C) . These results further demonstrated the high selectivity of the peptide binder.
The MF␤2 peptide was also fused to an unrelated proteinglutathione-S-transferase. This fusion protein had the same G-U-specific discrimination as seen with the free MF␤2 peptide. Using a filter binding assay, we determined that 1.08 mol of fusion protein were bound per RNA microhelix (data not shown.) Thus, the MF␤2 peptide can confer G-U-specific binding on a foreign protein.
Determining Essential Residues for G-U-Specific Interaction. To determine which of the 10 amino acids within MF␤2 were essential for the G-U-specific interaction, random mutations were introduced into the peptide coding sequence with a frequency of about one substitution per peptide (Fig. 4A) . The phage selection was again carried out, and G-U-specific binders were isolated and sequenced. This analysis showed that in the sequence MSVAMEAENV, the serine and first glutamic (shown in bold) were conserved among the specific binders. Starting with this pool, another round of selection was carried out, keeping fixed the aforementioned serine and glutamic acid residues. The specific binders in this new pool had two additional conserved residues and had the general sequence XSXAXEXXNX. If this peptide element forms an ␣-helix, then the functional hydrophilic groups of S, E, and N lie on the same side of the helix, whereas A (a strong helix former) is on the opposite side. Consistent with this possibility, the decapeptide segment was strongly predicted to form an ␣-helix (Fig. 4B) (18) and, in addition, we detected ␣-helix content (25%) in the MF␤2 peptide by circular dichroism measurements (data not shown). 
CONCLUSION
These data demonstrate that, contrary to reasonable expectations (2, 3), the most subtle discrimination in the RNA minor groove can be achieved with a relatively small peptide binder. By way of contrast to earlier work, this work reports the isolation of a peptide binder to an RNA helix. Previous studies demonstrated small molecule or peptide recognition of bulges and loops (19) (20) (21) , but not of anything so subtle as a directional sensitivity to a 2-amino group in a helix. Possibly, this directional sensitivity is dependent on the positional location of U-specific atomic groups that are differently located in G-U vs. U-G. In the particular example studied here, a G-U pair was investigated because these pairs play a prominent role in RNA recognition systems. This prominence may be due to the relatively infrequent occurrence of G-U pairs, making them attractive as specificity-determining sites. The comparative ease of isolation of a specific binder in these studies demonstrates that there is no inherent limitation to minor groove recognition of these wobble pairs.
